ABSTRACT. Twenty five spring wheat genotypes were evaluated for terminal heat stress tolerance in field environments in the Agro Ecological Zone-11 of Bangladesh, during 2009-2010 cropping season. The experiments were conducted at Wheat Research Centre, Bangladesh Agricultural Research Institute, using randomized block design with three replicates under non-stress (optimum sowing) and stress (late sowing) conditions. Seven selection indices for stress tolerance including mean productivity (MP), geometric mean productivity (GMP), tolerance (TOL), yield index (YI), yield stability index (YSI), stress tolerance index (STI) and stress susceptibility index (SSI) were calculated based on grain yield of wheat under optimum and late sowing conditions. The results revealed significant variations due to genotypes for all characters in two sowing conditions. Principal component analysis revealed that the first PCA explained 0.64 of the variation with MP, GMP, YI and STI. Using MP, GMP, YI and STI, the genotypes G-05 and G-22 were found to be the best genotypes with relatively high yield and suitable for both optimum and late heat stressed conditions. The indices SSI, YSI and TOL could be useful parameters in discriminating the tolerant genotypes (G-12, G-13, and G-14) that might be recommended for heat stressed conditions. It is also concluded from the present studies that biomass, grain filling rate and spikes number m -2 are suitable for selecting the best genotypes under optimum and late sowing conditions because these parameters are highly correlated with MP, GMP, YI and STI. However, high ground cover with long pre heading stage and having high grain filling rate would made a genotype tolerant to late heat to attain a high grain yield in wheat.
INTRODUCTION
Heat stress due to high ambient temperatures is a serious threat to crop production worldwide (Hall, 2001) . It is a common constraint during anthesis and grain filling stages in many cereal crops of temperate regions. In wheat, high temperature effects on yield and grain weight had been reported by many authors (Wardlaw et al., 2002; Guilioni et al., 2003; Mian et al., 2007) . Increasing heat tolerance in wheat is consequently a challenge for wheat breeders. A common method of selecting plants for heat stress tolerance has been to grow breeding materials in a hot target production environment and identify individuals/lines with greater yield potential (Ehlers and Hall, 1998) . Hence, it is necessary for promising advanced lines of wheat to be tested under both normal and heat stress conditions.
Selection of different genotypes under environmental stress conditions is one of the main tasks of plant breeders for exploiting genetic variations to improve stress tolerant cultivars (Clarke et al., 1984) . Therefore, a major challenge in traditional breeding for heat tolerance is the identification of reliable screening methods and effective selection criteria to facilitate detection of heat tolerant plants. Several screening methods and selection criteria have been proposed by different researchers, but very few were reported for screening heat tolerant genotypes in wheat. Rosielle and Hamblin (1981) defined stress tolerance (TOL) as the differences in yield between the non-stress and stress environments and mean productivity (MP) as the average yield of these two environments. They reported a positive correlation between mean productivity (MP) and yield under stress environment (Ys), therefore selection based on MP could improve average yield under both stress and non-stress environments. Several studies also showed a high and positive correlation between MP and Ys (Sanjeri, 1998; Ghagar Sepanlo et al., 2000; Nouri et al., 2011) . Fischer and Maurer (1978) proposed genotype stress susceptibility index (SSI) as a ratio of genotypic performance under stress and non-stress conditions. They suggested the SSI for measurement of yield stability that apprehended the changes in both potential and actual yields in variable environments. Bansal and Sinha (1991) proposed to use SSI and grain yield as stability parameters to identify drought resistant genotypes of wheat. Several authors (Clarke et al., 1992; Guttieri et al., 2001 ) also used SSI to evaluate drought tolerance in wheat genotypes and suggested that an SSI > 1 indicated above average susceptibility to drought stress.
Fernandez (1992) proposed that stress tolerance index (STI) can be used to identify mungbean genotypes that produce high yield under both stressed and non-stressed conditions. Geometric mean productivity (GMP) is another index which is often used by breeders interested in relative performance (Ramirez and Kelly, 1998) . GMP under both stressed and non-stressed conditions could be used to determine the extent or degree of susceptibility to avoid the effects of stress variation in different years (Fernandez, 1992; Kristin et al., 1997; Mitra, 2001) . Other yield based resistances estimates are yield index (YI) and yield stability index (YSI) were used by different authors (Bouslama and Schapaugh, 1984; Lin et al., 1986; Gavuzzi et al., 1997) .
Many authors (Golabadi et al., 2006; Sio-Se Mardeh et al., 2006; Talebi et al., 2009; Nouri et al., 2011) suggested that breeders can choose better stress resistant durum wheat genotypes based on MP, GMP and STI under drought stressed and nonstressed environments. Combination of different stress indices was examined in different crops. For instance, SSI, STI and GMP were proved to be the most effective criteria for selecting heat tolerant and high yielding genotypes of maize (Khodarahmpour et al., 2011) . They found positive and significant correlation of GMP and grain yield under both stressed and non stressed conditions and suggested that this index is more applicable and efficient for selection of parent material in producing maize hybrids tolerant to high temperatures and high yielding under both conditions. GMP in combination with SSI was found a desirable criterion for selecting improved drought resistant common bean genotype (Ramirez and Kelly, 1998) In another study, Moghaddam and Hadizadeh (2000) found STI more applicable than SSI for selection of maize genotypes tolerant to stress. Therefore, the present study was undertaken to examine the accuracy of different stress tolerance indices for identifying heat tolerance in spring wheat genotypes, thereby selecting suitable genotypes to recommend for cultivation in the heat prone areas of Bangladesh. Data were collected on the different phenological and physiological characters related to heat tolerance including flag leaf senescence (day), grain filling duration (day), ground coverage at 35 days (scale), canopy temperature at vegetative stage ( o C), canopy temperature at grain filling stage ( o C), chlorophyll content at 21 days after anthesis (SPAD unit), biomass m -2 (g) and grain filling rate (gm -2 d -1 ). The central 1 metre of four rows of each plot were harvested for recording yield m -2 and primary yield contributing characters i.e., spikes number m -2 , grains number spike -1 and 1000 grain weight (g). Ground coverage was recorded visually at 35 days after sowing using 0-10 scale. Chlorophyll content of leaves was measured in five fully expended sunlit flag leaves in vivo by a Minolta SPAD metre at anthesis and 21 days after anthesis and expressed in SPAD unit. The canopy temperature was measured by a hand held infrared thermometer twice at 3 days interval at vegetative and grain filling stage and mean of two data was used for statistical analysis. Resistance indices were calculated using the following relationships: Data were analyzed using MSTAT-C for analysis of variance and Duncan's multiple range test (DMRT) was employed for the mean comparisons (Gomez and Gomez, 1984) . Simple correlations were estimated using the conventional formula used by Singh and Choudhary (1985) . Principal component analysis (PCA) was used to classify the screening methods as well as the genotypes. Statistical analysis was performed by Excel, and Genstat soft wares.
MATERIALS AND METHODS

RESULTS AND DISCUSSION
The analyses of variance for grain yield and other yield components in both timely and late sowing environments are given in Table 1 . The results revealed significant variation due to genotypes for all characters in two sowing conditions. This suggested that the magnitude of differences in genotypes was sufficient to provide some scope for selecting genotypes with improved heat stress tolerance. Resistance indices were calculated on the basis of grain yield of the genotypes ( Table 2) . The genotypes showed wide ranges of variations for the estimated indices. Among the genotypes, G-5 and G-22 produced high grain yield under both optimum and heat stressed condition but showed low yield stability with respect to late sowing condition. On the other hand G-12, G-13, and G-14 produced moderate grain yield with high yield stability. This result supports the findings of several authors (Fischer and Maurer, 1978; Bruckner and Frohberg, 1987; Ehdaie et al., 1988; Bansal and Sinha, 1991; Khanna-Chopra and Viswanathan, 1999 ) all of whom confirmed that high stability in grain yield under stress was associated with poor or moderate grain yield potential.
When studied with stress indices we found the lowest TOL in G-14, followed by G-12, G-25 and G-13. Therefore, these genotypes had a lower yield reduction under late sowing condition. A greater TOL value was related to G-20, indicating that this genotype had a larger yield reduction under heat stressed condition and higher heat susceptibility. Nouri et al. (2011) stated that Larger TOL and SSI values represent relatively more sensitivity to stress, thus smaller TOL and SSI values are favored. Hence, low stress susceptibility indices (SSI<1) is synonymous with high stress tolerance (Fisher and Maurer, 1978) . Several authors (Khanna-Chopra and Viswanathan, 1999; Singh et al., 2011; Sharma et al., 2013 ) evaluated stress susceptibility indices of yield and its different components of wheat genotypes for heat stress tolerance and grouped them into highly tolerant, tolerant and susceptible genotypes based on their SSI values. In our study, the estimates of SSI indices revealed that, the genotypes G-14, G-12 and G-13 had the lowest SSI value and therefore these genotypes had low heat susceptibility and high yield stability under late sowing condition. In contrast, genotype G-20, followed by G-7 and G-4 with the highest SSI values could be identified as highly susceptible to heat. It has been evident in literature that SSI could be a more useful index in discriminating better genotypes under drought stress condition (Golabadi et al., 2006; Talebi et al., 2009; Nouri et al., 2011) . The highest MP, GMP and STI indices were observed in G-22, followed by G-5 and G-1 and the lowest values in G-25, followed by G-11 and G-21. The genotype G-22 also showed the highest YI value. The highest YSI indices were observed for G-14, followed by G-12 and G-13.
To determine the most desirable heat stress tolerant criteria, the correlation coefficients between Yp and Ys and other quantitative indices of heat tolerance were calculated ( 0.070 *and ** indicate significant at 5% and 1% levels of probability, respectively. Y P =yield of genotypes under timely sowing condition; Y S =yield of genotypes under heat stress condition; MP=mean productivity; GMP=geometric mean productivity; TOL=tolerance; YI=yield index; YSI=yield stability index; STI= stress tolerance index and SSI=stress susceptibility index.
In the present study a significant positive correlation was found for SSI and TOL with Yp, but this correlation was negative with Ys, suggested that these indices had good response to heat stress condition. Ghobadi et al. (2012) screened wheat genotypes tolerant to drought based on SSI and TOL. According to Fernandez (1992) selection based on these two criteria favors genotypes with high yield potential under non-stressed conditions and low yield under stressed conditions. In our study also we observed that the genotypes with high grain yield under timely sowing condition have a high reduction in yield under heat stress condition. Consequently, the genotypes G-22 and G-20 in timely sowing condition had the highest grain yield value with high TOL. Therefore selection based on TOL will result in low yield reduction under heat stress condition. Similar results were reported by Mohammadi et al. (2010) and Nouri et al. (2011) in wheat under drought condition.
Moreover, the results exhibited that there were significant strong positive correlation among Yp and MP, GMP and STI indicated that with the increasing of these indices yield under timely sowing condition would be increased. Ys also showed significant positive correlation with MP, GMP, YI, YSI and STI. The indices MP, GMP and STI were strongly positively correlated with each other but they showed almost no correlation with TOL, SSI and YSI. So the indices MP, GMP and STI were the better predictor of potential yield, Yp and Ys than TOL and SSI which were considered as appropriate indices to identify genotypes with high grain yield and low sensitivity to heat stress environment. These results are in conformity with those of Shefazadeh et al. (2012) in bread wheat, Nikkhah-Kouchaksaraei et al. (2012) in durum wheat and Sareen et al. (2012) in synthetic wheat for heat stress. Several authors (Golabadi et al., 2006; Sio Se-Mardeh, 2006; Mohamamdi et al., 2010; Anwar et al., 2011; Nouri et al., 2011; Ghobadi et al., 2012) concurred with the findings, where these parameters were found suitable for discriminating the best wheat genotypes under drought stress and irrigated conditions. Najafian (2009) concluded that MP, GMP and STI indices are preferred for practical use.
Correlation coefficient of different resistance indices with phenological, physiological and yield contributing characters were shown in Table 4 . The association of days to anthesis with different resistance indices indicated that this character had a good response to yield under both sowing conditions and it could be used to discriminate genotypes tolerant to heat. It showed significant negative correlation with MP, GMP and STI indicated longer reproductive phase facilitated to increase grain yield under timely sowing condition. But under late sowing condition anthesis days and GFR showed similar association with TOL, YSI and SSI suggesting that delayed anthesis with high GFR would reduces susceptibility to heat. AlKaraki (2012) confirmed that durum wheat cultivars adapted to semiarid environments would have long preheading periods, followed by high grain filling rate and early maturity to avoid late-season drought and high temperature stress to attain high yields. In wheat, high ground cover might be reduced evaporative water loss from soil by developing leaves that better shade the soil. The association of ground cover with YSI, SSI and also with TOL under late sowing condition suggested that high ground cover at mid vegetative stage would reduce the susceptibility of the genotypes to late heat. Reynolds et al. (2001) stated that trait like ground cover affecting radiation use efficiency could be expected to be important under heat stress. A significant positive correlation was found for TOL and SSI with biomass and grain filling rate under timely sowing condition, but these correlations were negative under late sowing condition. In contrast, YSI showed negative association with biomass and grain filling rate under timely sowing condition whereas positive in late sowing condition. This indicates, the genotypes with high biomass and grain filling rate under timely sowing condition have a high reduction under stress condition. The significant positive correlation of MP, GMP, YI and STI with biomass, GFR and spikes m -2 under both timely and late sowing conditions indicated that these parameters could potentially be used in selecting better wheat genotypes. ); TGW= 1000 grain weight (g).
In this study, a general linear regression model of grain yield under heat stress on STI revealed a positive correlation between this criteria with a similar coefficient of determination (R 2 = 0.67) (Fig. 2) . Many authors (Golabadi et al., 2006; Talebi et al., 2009; Nouri et al., 2011) suggested selection based on a combination of indices may provide a more useful criterion for improving stress resistance of wheat although correlation coefficients are useful to find the degree of overall association between any two attributes. Thus, a better approach than a correlation analysis such as a biplot is needed to identify superior genotypes for both stressed and non stressed environments. PCA was performed to assess the relationships between all attributes at once. Principal component analysis revealed that the first PCA explained 0.64 of the variation with MP, GMP, YI and STI. Thus, the first dimension can be identified as yield potential and heat tolerance. Considering the high and positive value of this biplot, genotypes that have high values of these indices will be high yielding under stress and nonstress environments. The second PCA explained 0.35 of the total variability and correlated positively with TOL, SSI and YSI. Therefore, the second component can be termed as a stress susceptible component with low yield in a stressful environment. Kaya et al. (2002) revealed that genotypes with larger PCA1 and lower PCA2 scores gave high yields (stable genotypes), and genotypes with lower PCA1 and larger PCA2 scores had low yields (unstable genotypes). Thus, genotypes G-12, G-13, G-14, G-18 and G-25 were superior genotypes for both environments with high PC1 and low PC2. with high PC2 were more suitable for optimum condition than for heat stress condition. Khodarahmpour et al. (2011) obtained similar results in multivariate analysis of heat tolerance in maize. The use of biplot display in selecting drought tolerant genotypes has also been used by many authors (Fernandez, 1992; Farshadfar and Sutka, 2002; Souri et al., 2005; Golabadi et al., 2006; Karami et al., 2006; Sio-Se Mardeh et al., 2006; Talebi et al., 2009 ) in different crops. Yan and Rajcan (2002) stated that the correlation coefficient among any two indices is given approximately by the cosinus of the angle between their vectors. Hence, r = cos 180º = -1, cos 0º = 1, and cos 90º = 0. Thus, a strong positive association between MP, GMP and STI with Yp and Ys were revealed by the acute angles between the corresponding vectors. A negative association between YSI, SSI and TOL with Ys and YI were reflected by the larger obtuse angles between their vectors in a biplot display (Fig.  3) . The results obtained from the biplot graph confirmed the correlation analysis. Results of this study are in accord with Khodarahmpour et al. (2011) for heat tolerance in maize and Golabadi et al. (2006) and Nouri et al. (2011) in durum wheat for drought tolerance.
CONCLUSIONS
The indices SSI, YSI and TOL could be useful parameters for discriminating genotypes that have lower susceptibility to heat stress. In the present study G-12, G-13, and G-14 were highly stable genotypes which had the highest YSI and the lowest SSI and TOL produced moderate grain yield and could be recommended for poor environments as well as heat stressed condition. Using MP, GMP, YI and STI, the genotypes G-05 and G-22 were found to be the best genotypes with relatively high yield and suitable for both optimum and heat stressed conditions. Therefore, these genotypes can be exploited in breeding programs for terminal heat stressed environments. During present study, using indices like biomass, grain filling rate and spikes m -2 were identified as powerful tools for selecting wheat genotypes under both timely and late sowing conditions. However, the association with different resistance indices revealed that high ground cover at mid vegetative stage with delayed anthesis having high grain filling rate would made a genotype tolerant to late heat.
